In press working, unidirectional transmission of mechanical energy is expected in order to maximize the life of the dies. To realize this transmission, the author has developed a shock control system based on the sliding mode control technique. The controller makes a collision-receiving object effectively deform plastically by adjusting the force of the actuator inserted between the colliding objects, while the deformation of the colliding object is held at the necessity minimum. However, the actuator has to generate a large force corresponding to the impulsive force. Therefore, development of such an actuator is a formidable challenge. The author has proposed a semi-active shock control system in which the impulsive force is adjusted by a brake mechanism, although the system exhibits inferior performance. Thus, the author has also designed an actuator using a friction device for semi-active shock control, and proposed an active seatbelt system as an application. The effectiveness has been confirmed by a numerical simulation and model experiment. In this study, the optimal deformation change of the colliding object is theoretically examined in the case that the collision-receiving object has perfect plasticity and the colliding object has perfect elasticity. As a result, the optimal input condition is obtained so that the ratio of the maximum deformation of the collision-receiving object to the maximum deformation of the colliding object becomes the maximum. Additionally, the energy balance is examined.
Introduction
In collision protection, a buffer material is generally inserted in the collision plane to decrease the deformation and internal stress in each object. However, in press working, it is desired that the internal stress of the die is minimized to maximize the life, while the workpiece is made to deform plastically by the collision. This means unidirectional transmission of the mechanical energy from the colliding element to the collision-receiving element. T. Shimogo found that this concept on collision was reported in a Soviet Union information magazine in the 1960s as a "dynamic semiconductor," but the details remain unknown (1) . In response to this article, Shimogo considered that an actuator had to be inserted instead of buffer material to allow adjustment of the buffer effect in each object, and an active control system that feeds back the condition of the system was necessary. Subsequently, Shimogo advanced original research on a shock control system that enabled unidirectional transfer (2) . The control system for the collision between two objects was developed by applying the optimal control theory and assuming the deformation characteristic of each object in a simple elasto-plastic deformation model. A numerical simulation confirmed the following: (1) the characteristics of the control system change with the weights of the performance index, and (2) a peak appears in the deformation ratio of the two objects. That is to say, an optimum condition exists (3) . However, the reason the peak existed was not clarified, and the optimum condition had to be obtained by numerical simulation on a per-case basis.
On the other hand, this author has developed a shock control system based on the sliding mode control technique, which can easily derive the control law for a nonlinear system and can define the optimal path of the state as a hyper-plane. And the performance has been confirmed by a numerical solution (4) . One feature of this study is the proposition of a design technique for a hyper-plane in consideration of the deformation response of a colliding object so that the collision-receiving object deforms plastically and the deformation of the colliding object is at a minimum. As the related studies, the H-infinity control system (5) and the feedforward system (6) have also been developed for active shock control, and the features have been examined experimentally. In these shock control systems, the actuator inserted between colliding objects has to generate a large force corresponding to the impulsive force. Therefore, development of such an actuator is a big challenge. The main action of the actuator is control of the impulsive force, that is, the optimal force transmission from the colliding object to the collision-receiving object. Therefore, a semi-active control system that controls the force transmission by a brake system is suitable for shock control, although the control performance is inferior. The author has proposed a semi-active shock control system, in which the actuator controls the tension instantaneously using a friction device. The effectiveness of the proposed system has been confirmed by a numerical simulation and model experiment (7) . One application of this semi-active shock control system is an active seat belt. In a car crash, if deformation of an occupant's lung is held to the allowable value, no aftereffect will remain. In order to realize this condition, the seat belt tension must be adjusted instantaneously by a feedback control system. Therefore, the seat belt tension control system on the basis of the semi-active shock control system has been proposed. And the effectiveness of the active seat belt has been confirmed by a numerical simulation and model experiment (8) , (9) . As the related work, the adaptation of the active shock control to the knee bolster has been also studied (10) .
In order to minimize the deformation of a colliding object while the collision-receiving object deforms plastically, the hyper-plane for the sliding mode control is designed in the shock control system so that the deformation of the colliding object approaches smoothly and keeps the target. The target deformation can be calculated from the maximum transmitting force. The maximum transmitting force must be set slightly larger than the force in which the collision-receiving object deforms plastically because of inertia. However, the optimal value has not been obtained. In this study, the optimal target deformation, that is to say, the optimal transmitting force is theoretically derived in the case that the characteristic of the collision-receiving object is perfect plasticity and the characteristic of the colliding object is perfect elasticity. Then, it is confirmed by numerical simulation that the ratio of the maximum deformation of the collision-receiving object to the maximum deformation of the colliding object becomes the maximum. In addition, the energy balance is examined.
First, a summary of the proposed semi-active shock control system is described.
Analytical Model
The press working is simplified to the collision system of two objects. An analytical model for the shock control system is obtained under the following assumptions. The model is shown in Figure 1 .
(1) The collision system of two objects is composed of the colliding object (Body A) and the collision-receiving object (Body B). 
State Equation
The displacement of the collision-receiving object, that is, the deformation of Body B, is designated 1 x ; the relative displacement between the objects is designated 1 y ; and the relative displacement between 2 m and 3 m , that is, the deformation of Body A, is designated 2 y . The force generated by the actuator is designated u . Under the above assumptions, the state equation of the analytical model shown in Figure 1 is derived as follows:
where { } And the nonlinear functions of 1 P , 2 P , 3 P and 4 P are defined as follows: 
where
is the deformation of the collision-receiving object at the proportional limit, and
is the deformation of the colliding object at the proportional limit.
Sliding Mode Control Law
The sliding mode control system is a control system of a high gain type, and it leads and holds the state to the hyper-plane (also called the switching surface) set in the state-space by switching the control input. In other words, it is a forceful control system in which the energy efficiency is inferior. However, it has the feature that the disturbance existing in the input space can be perfectly suppressed, if ideal switching of the control input and accurate observation of the state are possible. Therefore, a robust control system, which slides the state to the origin along the hyper-plane, can be simply derived for a nonlinear system, if the adequate hyper-plane is designed.
When state equation (1) is derived and a hyper-plane { } ( ) 0
is defined, the sliding mode control law (11) can be obtained as follows:
In this equation, eq u is the equivalent control input which slides the state along the hyper-plane, and ( ) ⋅ sgn is the sign function (also called the signum function).
Design of Hyper-plane
The purpose of the control is to minimize the deformation of the colliding object while the collision-receiving object deforms plastically. The force of the actuator affects the colliding object as the reaction force. Then, the colliding object decelerates in order to generate the inertial force equal to the force generated by the actuator. Therefore, the colliding object has to deform in order to generate the inertial force of the left-side mass 3 m . On the other hand, the transmitting force to the collision-receiving object, that is the force of the actuator, makes the collision-receiving object deform plastically, and the surplus is stored in the mass of 1 m as the kinetic energy by accelerating the mass. From the above considerations, it becomes possible that the deformation of the colliding object is necessarily minimized by controlling the deformation of the colliding object to the target, while the collision-receiving object effectively deforms plastically by transmitting the force which is slightly larger than the force making the collision-receiving object deform plastically because of the inertia. In the preceding sentence, the target can be defined as the deformation of the colliding object in order to transmit the force to the collision-receiving object. However, if this force affects the colliding object from the beginning, the deformation of the colliding object exceeds the target. Therefore, it is proposed that the colliding object deforms to the target smoothly along the half-cosine waveform in half of the natural period. The hyper-plane on the deformation of the colliding object is defined as follows:
where ( ) The reference is defined as the step response, as follows: 
Semi-active Control Law
The actuator is mainly compressed, because it is supported by the inertia of the decelerating colliding object. Thus, the semi-active shock control system can be realized by controlling only the reaction force of the compressed actuator by a friction device. Although the performance is inferior to the active control system, it can be easily developed because the development of an actuator generating a large force in a moment is not required.
First, the feedforward input, in which the colliding object deforms along the reference of equation (7), is derived as follows:
Next, the semi-active control law is defined. The following semi-active control law sa u is proposed by adding the feedforward input of equation (9) to the improved sliding mode control law so that the control input seldom becomes negative. 
In this control law, the smoothing function is used instead of the sign function in order to suppress the chattering of the control input, even though the control performance is inferior. The effectiveness of proposed semi-active control system has been confirmed by a numerical simulation and model experiment (7) .
Optimal Reference
Then, the optimal deformation target of the colliding object is considered under the assumption that the colliding object is much harder than the collision-receiving object, that is to say, the collision-receiving object has perfect plasticity and the colliding object has perfect elasticity. In order to minimize the deformation of the colliding object while the collision-receiving object deforms plastically, that is to say, in order to maximize the ratio of the maximum deformation of the collision-receiving object to the maximum deformation of the colliding object, the actuator has to generate a slightly larger force than the force making the collision-receiving object deform plastically because of the inertia. The reaction force of the actuator makes the colliding object deform to the target. Therefore, the optimal deformation target can be calculated from the optimal force of the actuator, which is the optimal force transmitting to the collision-receiving object. In this study, this optimal transmitting force is theoretically derived.
Equation of Motion
In order to maximize the deformation ratio, the deformation of the colliding object is defined so that the colliding object deforms smoothly along the reference of equation (7), as follows: And, in order to realize the deformation of equation (12), the feedforward input of equation (9) is used as the force generated in the actuator, as follows:
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For the term
, the force is not generated, because the actuator is no longer compressed.
Next, the equation of motion for the shock control system is simplified under the condition of
, as follows: V is the initial velocity of the colliding object.
Maximum Deformation of the Collision-Receiving Object
Next, the solutions of the equation of motion (14) are obtained under the above initial conditions, as follows: As the result, the maximum deformation of the collision-receiving object is derived, as follows:
Then, the ratio of the maximum deformation of the collision-receiving object to the maximum deformation of the colliding object is obtained, as follows: 
The optimal transmitting force to the collision-receiving object is obtained from the maximum of the ratio, as follows: 
Numerical Simulation
The derived result is confirmed by a numerical simulation using the following parameters:
The optimal transmitting forces and maximum deformation ratios obtained theoretically using equation (21) and (20) are shown in Table 1 in the case of changing one parameter. For the comparison, the simulation results are also shown. The theoretical values agree with the simulation results. Therefore, the validity of derived equation (21) is confirmed. And the following is clarified: the maximum deformation ratio increases with the increase of the initial velocity of the colliding object 0 V , with the decrease of the force deforming the collision-receiving object plastically 1 r f , and with the decrease of the mass of the collision-receiving object 1 m . The reason for the first fact, which refers to the velocity, is that the collision-receiving object is greatly deformed by the larger initial kinetic energy of the colliding object, even though the colliding object almost keeps the constant deformation. The reason for the second fact, which refers to the force, is that the deformation of the colliding object decreases due to the decrease of the transmitting force to the collision-receiving object, even though the deformation of the collision-receiving object increases. The reason for third fact, which refers to the mass, is the decrease of the force to accelerate the mass of the collision-receiving object.
Next, the time responses of the variables 1 x , 1 y , 2 y and the control input u are shown in Figures 2(a) to (d) in the case of the original parameters and the optimal target. In Figure 2 (a), the collision-receiving object begins to deform after the control input becomes the maximum, and it deforms by the control input. It then continues to deform due to the inertia, even if the actuator is not able to generate the force. In Figure 2(b) , the actuator remains compressed until it is not supported by the inertia of the colliding object. In Figure  2(c) , the thick solid line shows the time history of the deformation of colliding object 2 y and the thin solid line shows the time history of the reference t y 2 . It is clarified that the colliding object deforms along the reference. In Figures 2(c) and (d) , the deformation of the colliding object approaches the target smoothly along the reference without the peak by setting the control input at half of the maximum value during half of the natural period. After all, it is confirmed that the collision-receiving object is effectively deformed while the deformation of the colliding object is held at the target. From these results, the hyper-plane of equation (7) for sliding mode control can be optimized using the optimal transmitting force calculated from equation (21). Although the theoretical result is not the optimum if the characteristic of the object is different, the result can be used as the standard when the model considered in this section is similar.
Energy Balance
Here, the energy balance is examined to clarify the optimal condition. The change of energy balance with the increase of the maximum transmitting force to the collision-receiving object is shown in Figure 3 . For the comparison, the change of the ratio of the maximum deformation of the collision-receiving object to the maximum deformation of the colliding object is also shown. The "Potential energy stored in k4" is the potential energy stored in the spring 4 k at the time when the deformation of the collision-receiving object stops. The "Kinetic energy stored in Body A" is the kinetic energy stored in the colliding object; that is, it is the sum of the kinetic energies of mass 2 m and mass 3 m at the time when the deformation of the collision-receiving object stops. The "Total energy stored in Body A" is the sum of the "Potential energy stored in k4" and the "Kinetic energy stored in Body A"; that is, it is the unconsumed energy. The "Energy absorbed in actuator" is the work done at the actuator. The "Energy absorbed in Body B" is the work done in the collision-receiving object. The "Total energy" is the sum of the "Total energy stored in Body A," "Energy absorbed in actuator" and the "Energy absorbed in Body B." The total energy is equal to 0.8 Nm, the kinetic energy of Body A before the collision. The "Ratio/10" is 1/10 of the maximum deformation ratio. The work done in the collision-receiving object increases with the maximum transmitting force in the small range of the maximum transmitting force, and it is almost constant in the large range. On the other hand, the unconsumed energy left in the colliding object increases with the maximum transmitting force. Therefore, it is clarified that the maximum ratio occurs at the maximum transmitting force in which the work in the collision-receiving object becomes constant.
Conclusions
The optimal target for the semi-active shock control system based on the sliding mode control theory is derived theoretically. In other words, the optimal transmitting force to the collision-receiving object is obtained in the case that the collision-receiving object has perfectly plastic and the colliding object has perfectly elastic. Then, it is confirmed by numerical simulation that the ratio of the maximum deformation of the collision-receiving object to the maximum deformation of the colliding object becomes the maximum by using the derived optimal target. The energy balance is also examined by a simulation. As the result, the condition resulting in the maximum ratio is clarified. 
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